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Ames Research Center 
and 
Bernard Spencer, Jr. 
Langley Research Center 
SUMMARY 
The present study w a s  d i r ec t ed  toward t h e  questions t h a t  ar ise  i n  t h e  
app l i ca t ion  of optimum bodies t o  t h e  design of hypersonic c ru i se  a i r c r a f t .  
The considerat ions were divided i n t o  two p a r t s .  The f i r s t  involved t h e  c a l -  
cu la t ed  minimum-drag c h a r a c t e r i s t i c s  of four f ami l i e s  of slender bodies f o r  
Mach numbers from 2 t o  1 2 .  The second concerned t h e  experimental evaluation 
of t h e  e f f e c t s  of body cross-sect ional  shape on t h e  aerodynamic performance 
of bodies a t  a Mach number of 10. The cons t r a in t s  i n  each study were body 
length and volume, although t h e  constant values are d i f f e r e n t  i n  each p a r t  of 
t h e  study. 
IXCRODUCT I O N  
Hydrogen-fueled hypersonic-cruise a i r c r a f t  r equ i r e  very l a rge  volume 
bodies, mainly t o  accommodate t h e  low-density l i q u i d  f u e l .  Such bodies 
because of t h e i r  s i z e  a r e  e spec ia l ly  u n a t t r a c t i v e  from t h e  standpoint of drag, 
but can be use fu l  i n  providing s i g n i f i c a n t  contr ibut ions t o  t h e  l i f t  of t h e  
a i r c r a f t .  Body p r o f i l e s  t h a t  provide mlnimum drag or maximum l i f t ,  or both, 
a r e  of p a r t i c u l a r  i n t e r e s t  t o  t h e  designer.  At ten t ion  i s  general ly  given t o  
t h e  t h e o r e t i c a l  minimum wave-drag body p r o f i l e s .  Such p r o f i l e s  have been 
derived f o r  use a t  low-supersonic, hypersonic, and low-hypersonic Mach num- 
bers .  (See re fs .  1 t o  5 . )  The app l i ca t ion  of t hese  p r o f i l e s ,  however, i n t r o -  
duces many questions t h a t  must be answered. Some of t h e s e  are: What p r o f i l e  
should b e  used? Should it be one derived for low-supersonic Mach numbers or 
one derived f o r  hypersonic Mach numbers. Can some base area be permitted,  
s ince  by t h i s  means t h e  wave drag can be reduced f o r  a body of given length 
and volume? What i s  t h e  e f f e c t  of c ros s - sec t iona l  shape? Can t h e  cross-  
s e c t i o n a l  shape be a l t e r e d  appreciably t o  provide improved lift cha rac t e r i s -  
t i c s  of t h e  body without s e r ious ly  a f f e c t i n g  t h e  drag c h a r a c t e r i s t i c s ?  
It i s  t h e  i n t e n t  of t h i s  paper t o  provide a few answers t o  t h e s e  ques- 
'Presented a t  NASA Conference on Hypersonic A i r c r a f t  Technology, A m e s  
t i o n s .  This  w i l l  be done i n  two p a r t s .  The f i r s t  p a r t  has been prepared a t  
Research Center, May 16-18, 1967. 
. .  
t h e  Ames Research Center and dea l s  with t h e  ca l cu la t ed  minimum drag character-  
i s t i c s  of four families o f  slender bodies. The second has been prepared a t  
t h e  Langley Research Center and i s  concerned with t h e  experimental e f f e c t s  of 
body cross-sect ional  shape on t h e  aerodynamic performance of bodies. 
NOTAT IOU 
b span of body base 
drag c o e f f i c i e n t  
minimum drag coe f f i c i en t  
drag c o e f f i c i e n t  at zero l i f t  
l i f t  c o e f f i c i e n t  
CD 
‘Dmi n 
cDO 
CL 
C l i f t  c o e f f i c i e n t  f o r  maximum l i f t  -drag r a t i o  
L( L/D) m x  
dCL l i f t - c u r v e  slope,  C L a  
Cm pitching-moment coe f f i c i en t  
h height of body base 
k 
2 
20 
M 
n 
R2 
body Cutoff, 1 - - , amount of afterbody por t ion  of f u l l y  
20 
closed body cu t  o f f  t o  provide a body with a base; 0 for a 
f u l l y  closed body and 0.5 f o r  a body with maximum diameter 
a t  t h e  base 
CL l i f t - d r a g  r a t i o ,  5 
Omax maximum lift -drag r a t i o ,  
a c t u a l  body l eng th  
length of f u l l y  closed body, v i r t u a l  length 
Mach number 
exponent of power body equation, 7 = E n  
Reynolds number based on body length 
r body r a d i u s  
2 
r0 maximum body rad ius  
v volume of body 
X longi tudina l  dis tance along body ax i s  
Z geometric a l t  it ude 
a angle of a t tack ,  deg 
7 
r dimensionless r a d i a l  coordinate of body, - 
r0 
X dimensionless longi tudina l  coordinate of body, - 
2 0  
RESULTS AND DISCUSSION 
Calculated Minimum Drags of Slender Bodies 
The t o t a l  drag c h a r a c t e r i s t i c s  of four families of slender bodies a t  
zero incidence were ca lcu la ted  f o r  Mach numbers from 2 t o  12.  The length and 
volume of each of t h e  bodies were held constant such t h a t  
Fineness r a t i o s  of t h e  bodies ranged from about 12.5 t o  14. The study of 
reference 6 has shown t h a t  f ineness  r a t i o s  within t h i s  range are t h e  most 
favorable for  hypersonic t ranspor t  a i r c r a f t .  
V = 0 . 0 0 2 6 5 5 1 ~ .  
Body fami l ies . -  Each family i s  composed of a s e r i e s  of bodies having 
various base a reas  formed by cu t t i ng  o f f  given amounts of t h e  afterbody of a 
f u l l y  c losed body. This  i s  i l l u s t r a t e d  i n  f i g u r e  1. The f u l l y  closed body 
a t  t he  t o p  of t h e  f igu re  has no cu tof f  and i s  designated k = 0. T O  form t h e  
other bodies, t he  same closed p r o f i l e  w a s  adjusted i n  diameter and w a s  
s t r e t c h e d  t o  such a n  extent  t h a t  when 0.1, 0 . 3 ,  and 0.5 of t h e  v i r t u a l  lengths  
were cut  o f f ,  each remaining body had t h e  same length and volume as the  o r ig -  
i n a l  closed body with no cu tof f ,  but each had d i f f e ren t  amounts of base a rea .  
Four p a r t i c u l a r  p r o f i l e s  were se lec ted  t o  make up the  d i f f e ren t  families under 
t h i s  arrangement of body cu to f f s .  
1. The Sears-Haack p r o f i l e  optimized for a given length and volume 
( r e f s .  2 and 3) and defined by t h e  equation: 
2.  A parabolic-arc p r o f i l e  defined by t h e  equation: 
3 
3. One of Miele's p r o f i l e s  optimized fo r  a given sur face  a r e a  and 
volume (ref .  7 )  and defined by t h e  equation: 
q = l -  (1 - 25)3'2 [Forebody only, 0 5 6 50 .51  
4. The von K & r d n  p r o f i l e  optimized fo r  a given length  and diameter 
(ref.  1) and defined by e i t h e r  of t h e  equations: 
Forebody only, 
rl = c o s - l ( 1  - 45) - 2(1 - $5)  J 2 5 ( 1  - 2 4  [ 
or 
q = f l  s i n  26 
where 
1 5 = il (1 - COS e )  
The af te rbodies  of  t h e  last  two p r o f i l e s  a r e  undefined by t h e  equations ( i . e . ,  
f o r  0.5 < 5 <1.0), but each has zero p r o f i l e  s lope a t  5 = 0.5.  Therefore,  
each profile-was placed back-to-back i n  order t o  form a closed basic body. 
The contours f o r  t h e  k = 0.5 bodies of each family a r e  shown i n  f i g -  
ure  2. I n  t h i s  f i gu re  r / l  i s  p l o t t e d  t o  a n  expanded s c a l e  versus x / l .  
The Sears-Haack contour i s  t h e  f u l l e s t  f o r  t h e  smaller values of x / l  and 
has t h e  smallest  rad ius  at t h e  base ( i  .e. , a t  A s t r a i g h t  - l i ne  
contour i s  a l s o  shown i n  t h i s  f i g u r e  fo r  a cone having t h e  same length  and 
volume a s  t h e  k = 0.5 bodies. This cone has t h e  l e a s t  r a d i i  for  t h e  lower 
values  of x/l 
The contours f o r  t h e  o ther  bodies a r e  genera l ly  d i s t r i b u t e d  between t h e  l i m i t s  
of t h e  Sears-Haack and cone p r o f i l e s .  For comparison with t h e  da ta  f o r  t h e  
k = 0.5 bodies of each family, ca l cu la t ions  were a l s o  made fo r  a 3/4-power 
body (q = t3/*) and a cone ( q  = 6 )  both of which were r e s t r i c t e d  t o  t h e  same 
length  and volume as t h e  other  bodies.  
x/ l  = 1.0) . 
than  any of t h e  bodies, and t h e  g r e a t e s t  rad ius  a t  t h e  base. 
Minimum drag c o e f f i c i e n t s . -  The ca l cu la t ed  minimum-drag coe f f i c i en t s  f o r  
a l l  th.e bodies a r e  based on a f i c t i t i o u s  wing area  equal t o  0.076952~ 
4.013V2/3, and have t h r e e  components: 
drag. The wave-drag component was computed by in t eg ra t ing  t h e  pressure d i s -  
t r i b u t i o n  over t h e  body which was machine ca lcu la ted  by t h e  method of charac- 
t e r i s t i c s  according t o  t h e  procedure of re ference  8. 
was modified t o  accommodate pointed bodies. The base-drag component w a s  com- 
puted by t h e  procedure of Love, a s  repor ted  i n  reference 9, extended t o  
hypersonic Mach numbers. The computations of sk in  f r i c t i o n  were made accord- 
ing t o  t h e  Spaulding-Chi procedure ( s e e  r e f .  10) and f l a t - p l a t e  s k i n - f r i c t i o n  
c o e f f i c i e n t s  cor rec ted  t o  a body of revolut ion,  using Reynolds numbers 
or 
wave drag, base drag, and s k i n - f r i c t i o n  
This procedure, however, 
4 
determined by a n  assumed length of 300 feet  and f o r  t h e  a l t i t u d e s  from t h e  
f l i g h t  p r o f i l e  f o r  hypersonic a i r c r a f t  given i n  t h e  following t a b l e .  
The effect  of body cu to f f  f o r  each family of bodies i s  shown i n  f igu re  3 
f o r  Mach numbers of 2,  4, and 12.  I n  t h i s  f i g u r e  ca l cu la t ed  to t a l -d rag  coef- 
f i c i e n t  i s  p l o t t e d  versus body cu to f f ,  k .  Drag c o e f f i c i e n t s  f o r  t h e  
3/&-power and cone bodies are p l o t t e d  along t h e  A s  t h e  Mach 
number i s  increased, t h e  minimum drag c o e f f i c i e n t  corresponds to increasing 
values  of body c u t o f f .  For each Mach number t h e  minimum drag coe f f i c i en t  i s  
a s soc ia t ed  with t h e  Sears-Haack p r o f i l e .  There i s  l i t t l e  d i f f e rence  i n  t h e  
drag c o e f f i c i e n t s  f o r  any of t h e  bodies,  however, a t  a Mach number of 12. 
Drag c o e f f i c i e n t s  for t h e  Sears-Haack bodies are p l o t t e d  i n  f i g u r e  4 
k = 0.5 l i n e .  
versus Mach number f o r  constant values  of k .  The drag c o e f f i c i e n t s  fo r  t h e  
cone are a l s o  presented f o r  comparison. A t  Mach numbers from 2 t o  5 t h e  
drag c o e f f i c i e n t s  f o r  t h e  k = 0 .3  and 0 .5  bodies are undesirably l a r g e .  LOW 
drag c o e f f i c i e n t s  over t h e  range of Mach numbers from 2 t o  12  are provided 
by t h e  smaller values  of body cu to f f .  A t  t r anson ic  Mach numbers, however, it 
i s  l i k e l y  t h a t  no body cu to f f  would be des i r ab le .  
A breakdown of t h e  t o t a l  drag c o e f f i c i e n t s  f o r  t h e  k = 0.1  Sears-Haack 
body i n t o  t h e  t h r e e  components i s  shown i n  f i g u r e  5, where drag coe f f i c i en t  
i s  p l o t t e d  versus  Mach number. The v e r t i c a l  height of each shaded band cor- 
responds t o  t h e  magnitude of t h a t  component. The s k i n - f r i c t i o n  and wave-drag 
components a r e  of t h e  same order of magnitude over t h e  range of Mach numbers 
shown. A t  a Mach number of 12 t h e  base-drag component i s  p a r t i c u l a r l y  s m a l l  
because of t h e  r e l a t i v e l y  small base area of t h i s  body. For t h e  cone a t  t h i s  
Mach number, t h e  base-drag component i s  g r e a t e r  t han  t h e  corresponding wave- 
drag component. This  wave-drag component f o r  t h e  cone i s  only s l i g h t l y  less  
than t h e  wave-drag component f o r  t h e  k = 0.1  Sears-Haack body shown i n  t h i s  
f i gu re .  
I n  summary, t h e  ca l cu la t ions  show t h a t  'for Mach numbers from 2 t o  12 t h e  
Sears  -Haack p r o f i l e  provides t h e  lowest t o t a l -d rag  c o e f f i c i e n t s  a t  zero 
incidence. Further ,  it appears t h a t  a body with a small base area would pro- 
vide low to t a l -d rag  c o e f f i c i e n t s  over t h i s  range of Mach numbers. Drag con- 
s ide ra t ions  at t r anson ic  Mach numbers, however, would d i c t a t e  t o  a g r e a t  
extent  t h e  allowable base area f o r  a n  aircraft  body. 
Effects of Body Cross-sectional Shape 
I n  t h i s  por t ion  of t h e  paper, methods are examined f o r  improving t h e  
lift and drag -due - t o - l i f t  c h a r a c t e r i s t i c s  a t  hyper sonic speeds of various 
k = 0.5 bodies, t h a t  i s ,  bodies having maximum c ross - sec t iona l  areas a t  t h e  
base. I n  t h i s  study o f  body c ross - sec t iona l  shape t h e  geometric c o n s t r a i n t s  
of a given length and volume have a l s o  been imposed on each body such t h a t  
V = 0.0161~. Fineness r a t i o s  of t h e s e  bodies ranged from about 5 t o  7 .  
Because t h e  f ineness  r a t i o s  are low and t h e  bases of t he  bodies are l a rge ,  
such bodies are pr imari ly  appl icable  as l i f t i n g  reent ry  bodies. I n  t h e  
present  paper, however, t he  experimental r e s u l t s  a r e  used t o  i l l u s t r a t e  t h e  
aerodynamic t rends  t h a t  m y  result from changes i n  the c ross -sec t iona l  shape 
of t h e  forward port ion of t h e  fuselage of hypersonic c ru i se  a i r c r a f t .  
E l l i p t i c  cross  sec t ion . -  Most analyses t o  determine optimum p r o f i l e s  of 
minimum wave-drag bodies a t  hypersonic speeds have been l imi ted  t o  bodies of 
c i r cu la r  cross  sec t ion  ( s e e  ref .  4) . 
ences 11 and 12, however, have shown t h a t  bodies of e l l i p t i c  cross  sec t ion  
provide be t t e r  performance a t  high super sonic speeds because of improved 
drag-due-to- l i f t  c h a r a c t e r i s t i c s .  For t h i s  reason, Suddath and Oehman inves- 
t i g a t e d  p r o f i l e s  of minimum wave drag having e l l i p t i c  cross  sect ion.  The 
r e s u l t s  of t h i s  inves t iga t ion ,  reported i n  reference 13, indicated t h a t  t h e  
normalized d i s t r i b u t i o n  of c ross -sec t iona l  area of a n  optimum body i s  r e l a -  
t i v e l y  i n s e n s i t i v e  t o  v a r i a t i o n s  i n  e l l i p t i c i t y ,  and f u r t h e r ,  t h a t  t h e  wave 
drag does not change f o r  moderate values of e l l i p t i c i t y .  I n  an e f f o r t  t o  
explain t h i s  i n s e n s i t i v i t y  Miele analyzed t h e  problem using a slender body 
approximation t o  t h e  Newtonian pressure r e l a t i o n  ( r e f .  14), and found t h a t  a 
s i m i l a r i t y  l a w  e x i s t s  fo r  optimum hypersonic bodies. It w a s  found t h a t  t h e  
funct ion which describes t h e  optimum longi tudina l  contour of a body of a r b i -  
t r a r y  cross  sec t ion  i s  i d e n t i c a l  t o  t h e  funct ion which describes t h e  optimum 
longi tudina l  contour of a body of c i r c u l a r  cross sec t ion .  
Experimental s tud ie s  reported i n  r e f e r -  
Experimental s tud ie s  at a Mach number of 10 have been made both t o  v e r i 0  
these  a n a l y t i c a l  r e s u l t s  and t o  examine t h e  e f f e c t s  of e l l i p t i c a l  cross  sec-  
t i o n s  on the  performance of power-law bodies and optimum hypersonic body pro- 
f i l e s  determined under t h e  cons t ra in ts  of a given length and volume. 
r e f .  15.)  Sears-Haack p r o f i l e s  were not included i n  these  experiments. 
(See 
A summary of t h e  experimental z e r o - l i f t  drag c h a r a c t e r i s t i c s  of a s e r i e s  
of power-law bodies of circulai* and e l l i p t i c  cross  sec t ion  a r e  shown i n  
f igu re  6 f o r  a Mach number of 10. Also shown a r e  corresponding experimental 
drag coe f f i c i en t s  fo r  the  optimum bodies, as determined f o r  a c i r cu la r  cross  
sec t ion  i n  reference 4, and f o r  a n  e l l i p t i c  cross  sec t ion  i n  reference 13. 
The e l l i p t i c  bodies shown had major t o  minor ax i s  r a t i o s  of 2.0. The zero- 
l i f t - d r a g  coe f f i c i en t s  a r e  only t h e  measured foredrag coef f ic ien ts ;  t h a t  i s ,  
t h e  base-drag component i s  not included. Such drag coe f f i c i en t s  have been 
normalized with respec t  t o  t h e  corresponding data  fo r  a c i r cu la r  cone. The 
data  f o r  t h e  power-law bodies a re  indicated by t h e  symbols and a r e  p l o t t e d  
against  power-body exponent. The l e v e l s  of t he  experimental da ta  f o r  t h e  
optimum bodies are indicated by t h e  arrows s ince t h e s e  bodies do not 
correspond t o  any power -body exponent. 
The minimum-drag coef f ic ien ts  for  t h e  power-law bodies correspond t o  a n  
exponent of n = 2/3. This i s  t h e  t h e o r e t i c a l  value f o r  a n  optimum p r o f i l e  
when t h e  ana lys i s  i s  r e s t r i c t e d  t o  power-law bodies. (See ref.  16.) Since 
t h e s e  minimum drags correspond t o  an exponent of 2/3 fo r  both t h e  c i r c u l a r  
and e l l i p t i c  cross  sec t ions ,  Miele 's  s i m i l a r i t y  l a w  i s  v e r i f i e d .  The values 
6 
of t h e  z e r o - l i f t  drag associated with t h e  optimum c i r c u l a r  and e l l i p t i c  bow 
shapes are s l i g h t l y  lower than  t h e  minimum values f o r  t he  power-law bodies. 
The grea te r  drag f o r  t h e  e l l i p t i c  bodies i s  apparently due t o  t h e  increased 
skin f r i c t i o n  associated with t h e  g r e a t e r  wetted area.  
L i f t  and maximum l i f t - d r a g  r a t i o  c h a r a c t e r i s t i c s  fo r  t h e  same power-law 
and optimum bodies are shown i n  f igu re  7 ,  a l s o  f o r  a Mach number of 10. The 
g rea t e s t  maximum l i f t - d r a g  r a t i o s  occur f o r  t h e  same power-law bodies having 
t h e  lowest zero- l i f t -drag  coe f f i c i en t s .  A change i n  c ross  sec t ion  from c i r -  
cu la r  t o  e l l i p t i c  r e s u l t s  i n  a n  almost constant incremental increase i n  maxi- 
mum l i f t - d r a g  r a t i o  f o r  any of t h e  bodies.  This r e s u l t s  from t h e  improved 
l i f t  cha rac t e r i s t i c s  of t h e  e l l i p t i c  bodies which more than compensate f o r  
t h e  increased drag. The maximum l i f t - d r a g  r a t i o s  f o r  t h e  optimum bodies are 
e s s e n t i a l l y  t h e  same as t h e  corresponding r a t i o s  f o r  t h e  2/3-power bodies. 
Other cross sec t ions . -  I n  an attempt t o  improve fu r the r  t h e  performance 
of bodies at hypersonic speeds, a d d i t i o n a l  experimental s tud ies  have been 
made on a s e r i e s  of f la t  -bottomed bodies which have longi tudina l  d i s t r i b u t i o n  
of cross-sect ional  areas  i d e n t i c a l  with t h a t  of t h e  optimum body derived by 
Eggers, Resnikoff, and Dennis ( r e f .  4 ) .  The r e s u l t s  of these s tud ie s  have 
been reported i n  reference 17. The f la t  -bottomed body p r o f i l e  i s  i l l u s t r a t e d  
at t h e  t o p  r i g h t  of f i gu re  8. Direc t ly  below are t h e  cross  sect ions at t h e  
base of t h e  rectangular ,  t rapezoida l ,  and t r i a n g u l a r  bodies. For each body, 
including a reference body with e l l i p t i c  cross  sec t ions  having a major t o  
minor ax i s  r a t i o  of 2,  t he  span of t h e  base, t h e  base area ,  t h e  length,  and 
t h e  volume have a l l  been held constant,  t h e  only var iab les  being body height 
and cross -sec t iona l  shape. S t r i c t l y ,  t h e  s ign i f i can t  var iab le  i s  t h e  angle 
t h a t  t h e  la teral  faces  make with respect  t o  t h e  f l a t  bottom. It i s  apparent, 
however, t h a t  t h i s  angle v a r i e s  with body height .  
A summary of t h e  r e s u l t s  of t h e  experimental s tud ies  i s  shown on t h e  
l e f t  s ide  of f igu re  8 f o r  a Mach number of 10. 
with respec t  t o  the  corresponding data  fo r  t h e  reference . . body with e l l i p t i c  
The data  have been normalized 
cross  sec t ions .  
funct ion of dimensionless base height .  
Values of C L ( L / D ) ~ ~ ,  C D ~ ~ ~ >  and (L/D),x a r e  shown as a 
It i s  obvious t h a t  (L/D),, increases  
as t h e  base height i s  increased. This r e s u l t s  f r o m t h e  l a rge  increases  i n  
lift occurring a t  (L/D)max. 
drag coe f f i c i en t .  
There w a s  e s s e n t i a l l y  no change i n  t h e  measured 
An examination of t h e  pitching-moment c h a r a c t e r i s t i c s  of each of t h e  flat- 
bottomed configurations ind ica t e s  unfavorable, t h a t  i s ,  negative, pi tching 
moments a t  zero l i f t ,  as would be expected f o r  t h e  camber of these  bodies. 
I n  order t o  examine t h e  p o s s i b i l i t y  of providing a favorable  Cmo without 
incurr ing l a rge  p e n a l t i e s  i n  performance, one of t h e  t rapezoida l  configura- 
t i o n s  w a s  modified by a r e v e r s a l  i n  camber by shearing t h e  cross  sec t ions .  
This r e s u l t e d  i n  a f l a t  topped body with maximum width r e t a i n e d  on t h e  lower 
surface,  as i l l u s t r a t e d  i n  f igu re  9. The r e s u l t s  of t h i s  modification a r e  
presented i n  t h i s  f i gu re  where pitching-moment coe f f i c i en t  and l i f t  -drag r a t i o  
are p l o t t e d  as a funct ion of l i f t  coe f f i c i en t .  A favorable Cm0 and v a r i a -  
t i o n  of pi tching moment with l i f t  were obtained by t h e  camber r eve r sa l .  
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There w a s  l i t t l e  or no corresponding change i n  (L/D)mx or  l i f t  a t  (L/D)mx, 
and, i n  add i t ion ,  no measurable effect on ‘Dmin 
I n  summary, a 1 -udent s e l e c t i o n  of c ros s - sec t iona l  shape and camber o f  
t h e  forward port ion of t h e  fuselage of hypersonic-cruise a i r c r a f t  may s i g n i f  - 
i c a n t l y  improve t h e  aerodynamic performance of such bodies a t  hypersonic 
speeds. 
CONCLUDING REMARKS 
The present study w a s  concerned with providing some o f  t h e  answers t o  
questions t h a t  arise i n  t h e  app l i ca t ion  of optimum bodies t o  t h e  design of 
hypersonic-cruise a i r c r a f t .  This  study involved t h e  ca l cu la t ed  minimum drag 
c h a r a c t e r i s t i c s  of four families of slender bodies , and t h e  experimental 
e f f e c t s  of body cross  - sec t iona l  shape on t h e  aerodynamic performance of 
bodies.  I n  both p a r t s  of t h i s  study t h e  r e s t r i c t i o n  of a constant l eng th  and 
volume have been imposed on  t h e  bodies involved, but t h e  constant values are 
d i f f e r e n t  i n  each p a r t .  
The ca l cu la t ions  of t h e  drag c h a r a c t e r i s t i c s  of t h e  families of s lender  
bodies have shown t h a t  f o r  Mach numbers from 2 t o  12, t h e  Sears-Haack p r o f i l e  
provides t h e  lowest t o t a l -d rag  coe f f i c i en t s  at zero incidence. It appeared, 
a l so ,  t h a t  t h i s  p r o f i l e  with a small base area would provide low to t a l -d rag  
c o e f f i c i e n t s  over t h i s  range of Mach numbers. The allowable base area f o r  an  
a i r c r a f t  body, however , would be d i c t a t e d  l a r g e l y  by drag considerat ions a t  
t r anson ic  Mach numbers. 
The experimental results fo r  a Mach number of 10 concern bodies having 
var ious c ros s - sec t iona l  shapes. These r e s u l t s  i nd ica t ed  t h a t  t h e  c a r e f u l  
choice of c ros s - sec t iona l  shape and camber f o r  t h e  forward port ion of t h e  
fuselage of hypersonic-cruise a i r c r a f t  may s i g n i f i c a n t l y  improve t h e  
aerodynamic performance of such bodies a t  hypersonic speeds. 
It remains t o  be determined whether or not t h e  results of both p a r t s  of 
t h i s  paper w i l l  be s i g n i f i c a n t l y  a l t e r e d  when t h e  body i s  combined with a 
wing. 
Ames Research Center 
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126 -13 -03 -01-00 -21 
8 
REFERENCES 
1. von K L r d n ,  Th.: 
GALCIT Pub. NO. 75, 1936 (From Roma Reale Acad. D ' I t a l i a ,  vo l .  X I V ,  
Roma, 1936) . 
The Problem of Resis tance i n  Compressible F lu ids .  
2.  Haack, W .  : Geschossformen k le ins t en  Wellenwiderstandes. L i l i en tha l -  
Gesel lschaft  ftir LUftfahrtforschung, Bericht 139, T e i l  1, October 9-10, 
1941, pp. 14-28. (Trans la t ions :  Douglas A i r c r a f t  Co., Inc. ,  Rep. 288, 
1946; a l s o  Brown University Graduate Division of Applied Mathematics, 
Trans la t ion  No. A 9  -T -3, 1948. ) 
3. Sears ,  W i l l i a m  R . :  On P r o j e c t i l e s  of Minimum Wave Drag. Quart .  Appl. 
Math., vo l .  IV, no. 4, Jan.  1947, pp. 361-366. 
4. Eggers, A.  J., Jr.; Resnikoff, Meyer M.; and Dennis, David H.:  Bodies 
of Revolution Having Minimum Drag at High Supersonic Airspeeds. NACA 
Rep. 1306, 1957. 
5.  Fink, Mar t in  R. : Hypersonic Minimum-Drag Slender Bodies of Revolution. 
AIAA J., vol .  4, no. 10, Oct. 1966, pp. 1717-1724. 
6. Gregory, Thomas J.; Petersen,  Richard H.; and Wyss, John A.:  Performance 
Trade-offs and Research Problems fo r  Hypersonic Transports .  AIAA 
Paper 64-60?, Aug. 1964. Also: J. A i r c r a f t ,  vo l .  2, no. 4, July-Aug. 
1965, pp. 266-271. 
7 .  Miele, Angelo: Slender Shapes of Minimum Pressure Drag. Theory of 
Optimum Aerodynamic Shapes, ch.  13, A.  Miele, ed. ,  Academic Press ,  
1965 - 
8. Inouye, Mamoru; Rakich, John V. ;  and Lomax, Harvard: A Description of 
Numerical Methods and Computer Programs for Two-Dimensional and 
Axisymmetric Super sonic Flow Over Blunt -Nosed and Flared Bodies. 
NASA TN D-2970, 1965. 
9. Love, Eugene S. : Base Pressure a t  Supersonic Speeds on Two-Dimensional 
A i r f o i l s  and on Bodies of Revolution With and Without Fins  Having 
Turbulent Boundary Layers. NACA TN 3819, 1957- 
10. Neal, Luther, Jr .; and B e r t r a m ,  Michel H. : TurbulentSkin-Fr ic t ion  and 
Heat-Transfer Charts Adapted From the  Spalding and Chi Method. 
NASA TN D-3969, 1967. 
11. Jorgensen, Leland H. :  E l l i p t i c  Cones Alone and With Wings a t  Supersonic 
Speeds. NACA Rep. 1376, 1958. 
9 
12. Spencer, Bernard, Jr .; P h i l l i p s ,  W .  Pelham; and Fournier,  Roger H. : 
Supersonic Aerodynamic Charac t e r i s t i c s  of a S e r i e s  of Bodies Having 
Variations i n  Fineness Ra t io  and Cross-Section E l l i p t i c i t y .  NASA 
TN D-2389, 1964. 
1.3. Suddath, J e r r o l d  H . ;  and Oehman, Waldo I.: Minimum Drag Bodies With 
Cross-Sectional E l l i p t i c i t y .  NASA TN D-9432, 1964. 
14. Miele, Angelo: S i m i l a r i t y  Laws f o r  Optimum Hypersonic Bodies. 
Astronautica Acta, v o l .  11, no. 3, 1965, pp. 202-206. 
15. Spencer, Bernard, J r . ;  and Fox, Charles H . ,  Jr . :  Hypersonic Aerodynamic 
Perf or mance of Minimum-Wave -Drag Bodies. NASA TR R -250 , 1966. 
16. Lusty, A .  H . ,  Jr . :  Slender,  Axisymmetric Power Bodies Having Minimum 
Zero-Lift Drag i n  Hypersonic Flow. Boeing S c i e n t i f i c  Research 
Laboratories , F l i g h t  Science Laboratory, TR no. 77 , 1963. 
17. Spencer, Bernard, Jr . : Hypersonic Aerodynamic Charac t e r i s t i c s  of 
Minimum-Wave-Drag Bodies Having Variat ions i n  Cross-Sectional Shape. 
NASA TN D-4079, 1967. 
10 
k=o 
.I 
.3 
CONSTANT LENGTH 
CONSTANT VOLUME 
.5 ---- _ 
-445-2 
Figure 1. - I l l u s t r a t ion  of body cutoffs. 
SEARS - HAACK 
PARABOLIC ARC 
MlELE , ---- 
VON K A R M ~ N  / 
r/z 
0 .2 .4 .6 .8 I .o 
x /Z 
AAA445-3 Figure 2. - Comparison of k = 0.5 body profiles.  
11 
.014 
.o I2 
.OlO 
.m 
.006 
CD 
.002 
.016 
.012 
CD 
a=oO 
Q - SEARS -HAACK 
PARABOLIC ARC 
MIELE 
0 3/4 POWER 
0 CONE ,/ M = 2  
-- 
---- 
--- VON KARMAN 0 
0 .2 .4 .6 
k 
Figure 3. - Effect of body cutoff. 
I I I I I I I I I I I 1 I  
0 2 4 6 8 IO 12 
M 
AAA445-4 
AAA445-5 
Figure 4. - Drag characterist ics for  Sears -Haack bodies. 
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cross section effect .  
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